A comparative study is presented on the circulatory dynamics of the renal hypertensive state, the stability (repeatability) of the findings in a given subject, the effect of anemia as a complicating factor and the amount of cardiac hypertrophy present in each animal at the end of the series of observations. The results indicate that in nonanemic renal hypertensive dogs with cardiac hypertrophy the coronary blood flow and cardiac oxygen consumption are the same per unit weight of inyocardial tissue as in normal dogs. However, when a mild chronic anemia is a complicating factor, the coronary blood flow and the myoeardial oxygen uptake are both increased. The coronary sinus venous oxygen saturation is essentially unchanged in the nonanemic hypertensives, whereas in the anemic hypertensives it is significantly lowered. P REVIOUS studies 2 led to the conclusion that rapid digitalization of the lightly anesthetized but otherwise intact normal dog causes a decrease in some of the major cardiac functions such as rate, stroke volume, coronary blood flow and coronary venous oxygen saturation and mechanical efficiency. On the other hand, in a few preliminary experiments with dogs in low-output, congestive heart failure, these same functions were all increased by acute digitalization. The implications of these findings seemed important enough to justify a systematic study, and a series of attempts at producing low-output, congestive failure in dogs were begun. Among the measures employed were renal hypertension, progressive coronary narrowing and traumatic aortic insufficiency. Although these procedures, alone and in combination, did not bring about the desired result (low-output, congestive heart failure of adequate stability in a sufficient number of animals), they did provide a series of observations of the behavior of the important cardiac functions during the development of left ventricular hypertrophy in previously normal dogs. This report presents findings in dogs subjected to renal hypertension. It may be said at once that, the major conclusion eonfirms that derived by Bing and his associates 8 from corresponding studies on human subjects in essential hypertension-that coronary flow and cardiac oxygen consumption per unit weight of hypertrophied muscle fall within the range of the normal values. Beyond this, the experiments provided information on the prehypertensive state, the various stages in the development of hypertension, the effect of anemia as a complicating factor, the stability (repeatability) of the findings in a given animal subject and the amount of hypertrophy present in each animal at the end of the series of observations.
A comparative study is presented on the circulatory dynamics of the renal hypertensive state, the stability (repeatability) of the findings in a given subject, the effect of anemia as a complicating factor and the amount of cardiac hypertrophy present in each animal at the end of the series of observations. The results indicate that in nonanemic renal hypertensive dogs with cardiac hypertrophy the coronary blood flow and cardiac oxygen consumption are the same per unit weight of inyocardial tissue as in normal dogs. However, when a mild chronic anemia is a complicating factor, the coronary blood flow and the myoeardial oxygen uptake are both increased. The coronary sinus venous oxygen saturation is essentially unchanged in the nonanemic hypertensives, whereas in the anemic hypertensives it is significantly lowered. P REVIOUS studies 2 led to the conclusion that rapid digitalization of the lightly anesthetized but otherwise intact normal dog causes a decrease in some of the major cardiac functions such as rate, stroke volume, coronary blood flow and coronary venous oxygen saturation and mechanical efficiency. On the other hand, in a few preliminary experiments with dogs in low-output, congestive heart failure, these same functions were all increased by acute digitalization. The implications of these findings seemed important enough to justify a systematic study, and a series of attempts at producing low-output, congestive failure in dogs were begun. Among the measures employed were renal hypertension, progressive coronary narrowing and traumatic aortic insufficiency.
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METHODS
Experimental renal hypertension was induced in adult mongrel dogs weighing IS to 30 Kg. by the cellophane perinephritis method of Page. 4 Following the establishment of hypertension, the animals were studied under anesthesia by intramuscular injection of morphine (3 mg./Kg.) followed by intravenous injection of a combination of equal 476 Circulation lit'snarrh. Volume VII, May 1959 EEXAL HYPERTENSION AND CORONARY BLOOD FLOW parts of pentobarbital-sodiuin veterinary solution (60 mg./ml.) and Dial-urethane solution (100 and 400 nig./ml. respectively), 0 the dosage being 0.25 ml. of the mixture per kilogram. An augmenting dose of morphine (1.5 to 2 mg./Kg.) was given 2 to 2y 2 hours following the initial dose of morphine, as described by Toltz et al. 5 The nitrous oxide technie of Kety and Schmidt, 0 as adapted to the heart by Eekenhoff et al. 7 and Goodale et al., s was employed for estimating coronary blood flow. The main pulmonary artery was catheterized to obtain mixed venous blood for the estimation of cardiac output by the direct Fick method. Arterial blood samples were collected through a femoral puncture. Analyses of the blood samples for oxygen and carbon dioxide were made by the manometric method of Van Slyke and Xeill. 8 For the application of a nitrous-oxide gas mixture and the collection of the expired air by a Tissot spirometer, the trachea was intubated. Expired air samples were collected from the Tissot spirometer into a tonometer for analysis of oxygen and carbon dioxide by the technie of Scholander.
10
Oxygen uptake was calculated for periods of 5 min. by multiplying the pulmonary ventilation (from the spirometer reading, reduced to standard conditions) by the difference between the oxygen contents of inspired and expired air.
Blood pressure was recorded by a Lilly capacitance manometer from a needle in a femoral artery. Pulmonary arterial pressure was measured by a water manometer connected to the pulmonary catheter. Respiratory rate was recorded by a Statham strain gage attached to a pneumograph. Electrocardiograms were taken through conventional limb and chest leads.
The standard experimental procedure began with a 5-niin. period for the estimation of cardiac output, which was immediately followed by a 10-inin. period for the estimation of coronary blood flow. An interval of 25 min. between duplicate runs was allowed for the removal of the nitrous oxide gas.
Calculations. The following were calculated from the obtained data 5 : coronary blood flow in ml./lOO Gin. heart/min.; cardiac oxygen consumption in ml./lOO Gin. heai't/min. (coronary flow X coronary arteriovenous oxygen difference) ; cardiac output in ml./min.; cardiac work (Kg. M./min.) from mean blood pressure and cardiac output; total peripheral resistance (absolute units) according to Poisseuille's law by the formula T.P.R. = mean arterial pressure (mm. Hg) X 1332 -r-cardiac output / second; coronary vascular resistance, expressed as mean arterial blood pressure -f-coronary flow; coronary oxygen utilization (coronary 'Generously supplied by the Ciba Pharmaceutical Products, Inc., Summit, X. .T.
arteriovenous oxygen difference -j-arterial oxygen content in volumes per cent); oxygen saturation of the coronary sinus venous blood; R.Q. of the heart; and niyocardial efficiency estimated from the energy equivalent of the observed cardiac oxygen consumption, the actual cardiac work, and the approximate mean weight of the left ventricle.
At the end of the series of observations in each animal, sections were taken from the heart and other organs (aorta, lung, liver, spleen, kidney, adrenal gland and intestine) for histologic examination. The entire heart was weighed and the left ventricle was then excised 11 and weighed separately.
RESULTS

Comparison of Hypertensive and Normal Dogs.
In experiments on dogs with renal liypertension, anemia often developed as a result of multiple focal hemorrhages which were visible in the gastrointestinal and urinary tracts, brain, kidney and eye (retinal vessels). Since anemia is known to alter the cardiovascular picture in the normal animal, it was necessary to divide the hypertensive dogs into nonanemic and anemic groups before comparing them with the normal dogs. Table 1 shows the average values of the present series of 16 nonanemic hypertensive dogs, the findings in an earlier series of 11 comparable normal animals, 5 and the corresponding values of a recent series of 8 hypertensive dogs complicated by mild chronic anemia.
The "t" test as described by Mainland 12 was utilized to test the significance of these results. In tion, cardiac output and cardiac work fell short of significance. Data on the mechanical efficiency of the heart muscle were obtained in normals, in 11 of the 16 nonanemic hypertensives and in 4 of the 8 anemic hypertensives. The results indicate no significant differences among the three groups.
When the total left ventricular weights (per kilogram body weight) of the normotensive and hypertensive animals shown in table 1 are plotted against the work performed by the left ventricle, a relatively good correlation was evident ( fig. 1) .
Stability of Hypertensive Preparations. Since the circulation of the human hyperten- sive is notoriously labile, it was thought necessary to determine whether similar lability existed in our animal preparations. The results of duplicate determinations completed within 25 min. in 14 different hypertensive dogs with normal hemoglobins and in 5 anemic hypertensive dogs are shown in table 2. There was slightly greater variation in some functions (cardiac work, cardiac output and T.P.R. in the nonanemic animals, cardiac rate and coronary resistance in the anemic hypertensive) than in the normotensives, as indicated by the standard deviations of the individual differences in these animals in comparison with previous findings in normals. 5 Comparison of Benign and Malignant Hypertension. Since the hypertensive animals varied as to onset and severity of the hypertensive state, it was of interest to compare these animals during the various phases in the development of their disease pattern. An attempt was made to group them according to onset and duration of the hypertensive period and to severity of the clinical signs of the hypertension from its beginning to the time of the study. On this basis, the animals were grouped into three categories, early benign, malignant and late benign hypertensives. The early benign hypertensives were those which manifested the mildest form of the disease. Hypertension usually appeared in these animals within 2 to 4 months following cellophane wrapping, and was associated with no clinical signs. The experiments on this group were made within approximately eight weeks after the onset of hypertension. The next group of hypertensives were classified as malignant because they followed a very fulminating course. These animals usually developed hypertension within approximately one month after the renal abnormality was induced (cellophane wrapping of both kidneys, or wrapping of one and removal of the other). They also manifested early signs of severe pathologic changes, such as hematuria, blindness (retinal detachment), retinal hemorrhages, papilledema, increased tortuosity of retinal vessels, and gastrointestinal bleeding. Experiments were made with this group of animals within eight weeks following the onset of hypertension. The third group of animals, designated as late (chronic) benign hypertensives, ran a less fulminating course and were studied at a period of three months or more after the hypertension began. This group also showed pathologic changes similar to those of the malignant hypertensives, though blindness did not occur as frequently as in the latter. Table 3 presents a comparison of the findings in these three groups of animals. It is evident that the malignant and late hypertensive animals are similar in respect to circulatory dynamic factors, but the early and late hypertensives differ from each other in many respects. The coronary flow, cardiac oxygen consumption, cardiac output and heart rate tended to be higher in the early than in the late hypertensives, whereas the mean arterial blood pressure, coronary resistance and total peripheral resistance were definitely higher in the late hypertensives than in the early ones. The degree of left ventricular hypertrophy was least in the early hypertensive, greatest in the late, and intermediate in the malignant. 
Repeated Observations at Various Phases of
Hypertension. In view of the differences just described, aii attempt was made to show the changes that occurred in a given animal during the development of the hypertension. The findings of these studies are based on 9 of an original group of 20 animals (3 early benign, 2 malignant, 2 late benign and 2 during the early phase and then later when the disease had progressed to the late benign phase of hypertension). The other 11 animals died after the first set of observations as a result of complications referable to the disease. A representative example from each group is shown in table 4. The findings, like the preceding, disclose somewhat similar trends in the cardiodynamic functions during the progression of the disease state. Thus hypertensive dogs number 1,079 (early benign), 1,351 (late benign) and 1,425 (studied during the early benign phase and later when the ani- mals' disease had progressed to the late benign phase) showed a moderate progression in the disease pattern as seen by the gradual increase in mean arterial blood pressure, total peripheral resistance and coronary resistance. This is in contrast to malignant hypertensive dog number 71, which showed a marked and rapid increase in these same functions. The trends in other cardiodynamic and metabolic functions were less striking.
Electrocardiographic Findings. The electrocardiograms of the renal hypertensive dogs did not consistently show the typical changes of hypertension and cardiac hypertrophy seen in man, namely S-T segment elevation or depression with flattened or inverted T waves, ab normally high R waves in the precordial leads over the hypertrophied left ventricle, delay in the peaking of the R wave, prolongation of the QRS complex and marked left axis deviation. In general there were deeply inverted T waves, elevation or depression of the S-T segment and small, flattened T waves. These changes were seen only in the animals with the more profound changes in their circulatory systems but were present in both the nonanemic and anemic hypertensive animals.
Pathologic Findings. Some of the animals died spontaneously, others were sacrificed immediately following the experimental stud}', but in either case an autopsy was performed as soon as possible (1 to 24 hours post mortem). A general dissection of the abdominal viscera was made with special attention to the heart and circulatory tree.
Blocks of tissue were taken from various organs for histologic examination. The findings are typical of those observed by others in renal hypertensive dogs.
The kidneys were encapsulated within an envelope of scar tissue but were generally normal in appearance. Occasionally there were focal areas of acute infection or scars characteristic of pyelonephritis. The heart upon gross examination exhibited hypertrophy of the left ventricle. Enlargement of individual muscle fibers was observed histoJogically in the more advanced cases. The principal microscopic changes were in small blood vessels, usually the arterioles and the small arteries. The walls were thickened and the lumen was narrowed. Degenerative changes with loss of detailed structure were common and often there was complete hyalinization of the wall. At times the vessels were brilliantly eosinophilic and showed fibrinoid necrosis. These changes were best seen in the arteries and arterioles of the small intestine, adrenal, and liver. A few cases presented the typical gross picture of periarteritis nodosa. This was characterized by patchy areas of infarction which manifested themselves as mottled, pale, sometimes hemorrhagic areas in the walls of both ventricles and occasionally in other organs. The usual fibrinoid necrosis and subacute periarteritie inflammatory reaction, frequently with thrombosis of the lumen, were found associated with the areas of infarction. The chief findings in the lungs were usually those of localized edema, congestion and oeca-RENAL HYPERTENSION AND CORONARY BLOOD FLOW NSI weeks after operation blood pressure was normal but liematuria and sional bronchopneumonia. The liver often showed passive congestion of moderate degree. DISCUSSION The experiments indicate that in experimental renal hypertension accompanied by cardiac hypertrophy in dogs, coronary blood flow and cardiac oxygen consumption per 100 6m. of heart muscle are not significantly different from those found in normal animals. One can thus draw further conclusions concerning the blood supply of the hypertrophied heart muscle. Histologic studies on the capillary bed of normal and hypertrophied heart 7iiuscle made by Roberts and Wearn 13 and by Linzbaeh 14 in human hearts, and by Frank 1 " and Frank and Sehotte 10 in guinea pig hearts, indicate that the ratio of the number of muscle fibers to the number of capillaries remains unchanged in hypertrophy (approximately one muscle fiber per capillary). Linzbach has also observed an increase in the total number of capillaries and muscle fibers of the hypertrophied heart. .Since the individual fibers are enlarged, the mass of tissue supplied by each capillary must be increased. Also, since the blood flow per unit weight of tissue and the coronary venous oxygen saturation are both unchanged, the flow through each capillary must be increased in hypertrophy. Thus there must be an increase in the vascular resistance per unit weight. If each muscle fiber were to attain twice the normal size, the expected coronary vascular resistance should be doubled. This is illustrated in figure 2 . In these experiments the late hypertensive animals showed the greatest degree of hypertrophy (table 3), but the coronary resistance not greater than in the malignant hypertensive animals. These findings suggest that other factors (neurogenic, humoral, pathological vascular changes, coronary blood volume) in addition to cardiac hypertrophy play a part in maintaining an eleA'ated resistance in the coronary vascular bed. The relatively excessive increase in coronary vascular resistance in the animals in which the disease ran the most fulminating course opens a lead for further study. If each muscle fiber were to attain twice the normal size, one would expect the coronary vascular resistance to be doubled, since the number of vessels is not increased but the arterial pressure is nearly twice normal and flow per unit weight of tissue is the same (approximately 90 ml./ 100 Gm./min.) in both cases. Therefore the anticipated coronary resistance in the late hypertensive animal, on the basis of the degree of hypertrophy alone should be 2.5 (since the muscle mass in these hypertensive animals is 87.8 per cent greater than in normals. On the basis of the degree of increase in blood pressure in the late hypertensive dogs, the anticipated coronary resistance would be 2.3 since the normal arterial pressure and coronary resistance are 101 and 1.3 respectively and the arterial pressure of the late hypertensive is 179. However, the determined coronary resistance in the late hypertensive is 2.1, close to anticipated values. Furthermore, the findings by Lombardo and associates 17 on the effect of exercise on the coronary circulation in patients with various conditions, show that a fall in coronary vascular resistance occurs in patients with hypertension. This also indicates that the increase in coronary vascular resistance in hypertension is not all due to the cardiac hypertrophy per se but is at least in part functional.
If, as Shillingford 18 proposes, there is an actual dilatation of the coronary vessels in cardiac hypertrophy associated with hypertension and valvular lesions in humans, there should be a decrease in the resistance of the coronary vascular bed. The data indicate no decrease in this function as hypertrophy develops. Evaluation of coronary vascular resistance was accomplished simply by relating mean arterial blood pressure to coronary blood flow, however, and leaves much to be desired since the heart is a muscle mass varying in size and is actively contracting and relaxing.
In relation to the observed changes in the coronary resistance in hypertensive dogs, it is of interest to note the results of the perfusion experiments on normal and pathologic human and dog hearts performed by Dock 19 and by Vivell. 20 The purpose of their experiments was to determine the maximal flow capacity of the coronary bed when perfused under different pressures after death. These experiments show two interesting relationships, compared with the determinations of coronary blood flow during life. First, in pathologic hearts with varying degree of hypertrophy the maximal flow through the coronary bed seems to be higher than the values under living conditions during rest. Second, the degree of hypertrophy and the increase in the resistance of the coronary bed show a direct relationship. This latter point indicates an influence of the muscle mass on resistance as discussed above. However, they observed that the coronary flow (ml./lOO Gm./ min.) decreased proportionally to the degree of hypertrophy; whereas, our findings on living hearts did not bear this out.
The behavior of the myocardium in the anemic but otherwise normal animal is not well known. Bing 3 -17 ' 21 found that in patients with mild anemia (hemoglobin 7 and 9 Gm.) the coronary flow is slightly increased, the arteriovenous oxygen is decreased and as a result the oxygen consumption per unit of myocardium is decreased. In two patients with severe anemia (hemoglobin below 6 Gm.), the coronary flow trebled, bringing the oxygen consumption of the heart muscle to an even higher than normal value. In our experiments on anemia in dogs with renal hypertension the coronary blood flow and cardiac oxygen consumption both increased, but only the flow showed a significant increase. In addition, the coronary venous oxygen, coronary arteriovenous oxygen difference and coronary resistance were significantly decreased, while the coronary oxygen utilization was significantly increased. These results are also in agreement with Case's 22 findings in normal dogs. In view of the fact that cardiac output and cardiac work were not significantly increased, the degree of anemia must have been a mild one. These anemic hypertensive animals increased both the volume of coronary flow per unit weight of tissue and the removal of oxygen (lower venous ox3 r gen level) per unit volume of blood in an attempt to maintain a normal supply of oxygen to the heart. This differs from the nonanemic hypertensive animals which maintained a normal deliver}7 of oxygen to the heart without increasing the flow on a unit weight basis of tissue or by increasing the uptake of oxygen. A further difference is reflected in the oxygen content or saturation of the coronary sinus venous blood. Our experiments showed the mean value to be 29.6 per cent for normal dogs, 27.4 per cent for hypertensive dogs with a normal hemoglobin and 20.1 per cent for hypertensive dogs with anemia. This last value is significantly decreased from the first two. These figures indicate that the oxygen saturation of the coronary venous blood is maintained rather constant under these two very different conditions when anemia is not a complicating factor.
SUMMARY
In dogs with renal hypertension and cardiac hypertrophy the coronary blood flow and cardiac oxygen consumption are not altered on a unit weight basis of myoeardial tissue compared with normal dogs, but total flow is increased only to the extent that myoeardial hypertrophy occurs. The eoi'onary resistance calculated also on a unit weight basis was found to be increased above that of normal dogs. When a mild chronic anemia is a complicating factor in renal hypertension, the coronary blood flow is increased on a unit weight basis as well as on a total weight basis (extent of myoeardial hypertrophy) and the oxygen uptake is also increased in an attempt to maintain sufficient supply of oxygen for the myocardium. Factors which are related to the oxygen supply of the heart muscle, especially the coronary sinus venous oxygen saturation were essentially unchanged in the nonanemic hypertensives, whereas in the anemic hypertensives they were significantly altered. A correlation was found between the work of the left ventricle and the weight of the left ventricle. The stability of the preparation in duplicate determinations was found to be satisfactory for pharmaeologic investigations. Consistent changes in the circulatory determinations were observed in relation to the duration and severity of the hypertension. The malignant and late hypertensives disclosed a similar circulatory pattern, whereas the early hypertensive was distinguished from the other two phases of hypertension by having a greater coronary flow, cardiac oxygen consumption, cardiac output and cardiac rate, but a lower mean arterial blood pressure, coronary resistance and total peripheral resistance. In addition, the degree of cardiac hypertrophy was least in the early hypertensive, greatest in the late and moderate in the malignant hypertensive.
SL'MMARIO IX INTERLINGUA Iu canes con hypertension renal e hypertrophia cardiac, le fluxo coronari de sanguine e le consumption cardiac de oxygeno non es alterate in comparation con canes normalusante romo base equal pesos de liisto myoeardial. Del altere, le fluxo total es augmentate, sed solmente in correlation al presentia de hypertrophia myoeardial. Le resistentia coro- 484 WEST, MERCKER, WEXDEL, FOLTZ nari-de novo calculate super le base de equal pesos de myocardio-se monstrava augmentate in eomparation con canes normal. Quando leve grados de anemia chronic es presente coino factor complicatori in hypertension renal, le fiuxo coronari de sanguine es augmentate tanto super le base del unitate de peso como etiam super le base del peso total grado del hypertrophia myocardial, e le acceptation de oxygeno es etiam augmentate in un effortio de mantener un adequate provision de oxygeno pro le myocardio. Factores que es relationate al provision de oxygeno in le musculo cardiac, specialmente le saturation de oxygeno venose in le sinus coronari, esseva essentialm ente inalterate in hypertensivos non-anemic, sed in le hypertensivos con anemia, illos esseva alterate significativemente. Un correlation esseva constatate inter le labor del ventriculo sinistre e le peso del ventriculo sinistre. Le stabilitate del preparato in determinationes repetite se monstrava satisfactori pro investigationes pharmacologic. Alterationes uniforme in le determinationes circulatori esseva observate in relation al duration e al severitate del hj'pertension. Individuos con hypertension maligne e avantiate monstrava un simile patrono circulatori, durante que le easos de hypertension precoce se distingueva per un phis grande fluxo coronari, un plus grande consumption cardiac de oxygeno, un plus grande rendimento cardiac, e un plus grande frequentia cardiac sed per un plus basse valor niedie del tension arterial, un plus basse resistentia coronari, e un plus basse total resistentia peripheric. In plus, le grado del hypertrophia cardiac esseva le minus alte in le casos de hypertension precoce, le plus alte in hypertension tardive, e moderate in hypertension maligne.
